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Summary
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Summary Report

of

REPAIR AND RECLAMATION OF GAS AND ELECTRIC

UTILITY SYSTFMS

OBJECTIVES

The objectives of this study of the gas and electric utility systems in

metropolitan areas were as follows:

1. Analysis and identification of vital components and facilities
of utility systems.

2. Estimation of the repair times and required manprower (in terms of
effort and necessary skills) to repair facilities damaged by nuclear
weapon effects.

3. Classification of required repair parts and materials into critical

and noncritical categories.

4. Identification of any specialized construction equipment, tools,
instruments, etc. necessary to carry out the repair effort.

5. Estimation, on a utility-wide basis, of the effort, materi,;,, and
most suitable approaches for the repair of damaged facilities.

6. Derivation of pertinent conclusions from the analysis of alternate
sources for material critical to the recovery task.

PROCEDURE

The procedures followed were:

1. Detailed functional descriptions of "typical" gas and electric
utility systems were developed with primary emphasis based on
facilities located within the local or urban area.

2. The elements or components vital to the functioning of the utility
system were identified and rated as to criticality, i.e., the
element's functional contribution to the system's operation.

3. Damage to the various system elements was estimated for- a wide
range of weapon effects and intensities. All weapon effects were

keyed to overpressure.

I
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4. Repair time and effort requiiements were estimated (*- each critical
element of the system individually and then sumnmarize3 to obta-,n the
repair reclamation "cost" for the utility.

5. The results of the repair estimates were analyzeci, and a mathematical
model was developed to relate damage (expressed as overpressure) to
repair effort (in man-days).

6. A "typical" city with "typical"' gas and electric utility systems was
used to assess the overall repair requirements for various levels of
damage.

7. The time-phpsed repair effort was determinied for each utility system,
including requirements for manpower, (by skill' and supplies; alternate
operating procedures which might alleviate constraints created by
shortages of resources were also considered.

i

SIGNIFICANT FINDINGS

"* Metropolitan gas utility systems, because they are primarily locatzd
below, ground and are composed of few kinds of elements, all having
great structural strength, are much less vulnerable to weapons damage
than are electric utility systems, which are primarily above ground and
consist of varied elements, many of which are easily damaged.

"* Gas utility systems are relatively simple in design and operation and
even when damaged require relatively small repair effort; electric
utility systems are complex and interdependent, so that when damage

occurs, repair requirements are high in terms of manpower, equipment,
spare parts, and materials.

"* The level of damage, expressed as overpressure, can be related to
repair effort by an exponential function for which appropriate parameters
are known. This matematical repair model can be used to predict repair
requirements for various levels of damage for real utilities and real
cities.

"" Charts showing the time-phased repair efiort, b; skill classification,
are presented for each of the utilities at two different levels of
damage.

Damaged Components and Continuity of Service

At very low overpressures (I to 2 psi) electric utility service would be

temporarily disrupted immeditel~y following the attack until such time a-s repair

crews could make minor repairs on protective devices and the system colvverted

to manual control, a matter of some hours if personnel are available. At
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overpressures of 3 to 4 psi. electric utilities would sustain itoderate toI serious damage to distribution systems (priimarily from broken poles and trees

falling across overhead lines), and large sections of the city would be tw.'hout

power for a matter of days or weeks. Transmission lines would be expeved t

sustain little damage. Failures might occur in the steam electric generating

facility, primarily due to damaged control. systems, but such failures would be

of relatively short nuration if repair crews were on hand and manual Operation

could be instituted. Further, power might be "imported" via interties from

generating stations in unaffected areas. At- somewhat higher overpress~ie levels

(4 to 6 psi), all aboveground distrilhution systems and most of the transmissionI ~systems 3f~ the electric utility would be severely damaged and inoperable. Evei.

with the massive repair effort, service over the entire city would be disrupted

for a matter of weeks or months. Electric generalting plants would sustain

considerable dam~age, which would requix-e, at a minimum, a repair effort of many'

months. Substations and switch yards vwould also be damaged to a considerable

extent. import-ed power from interties would n~ot be usable until suca time as

transm~ssion and distribution systems and substations w'ithin the city were

repaired or rebuilt. At overpressure levels above 8 psi, the distribution and

tfrSiVlS~ion sy~tten1s of ýhe electrical utility would be so severely damaged

thac rebuilding would be unuertaken only in the most unusual circumstances;

Iieven the± reuse of salvageable parts would be uinlikelvy. The estimated repair
e~fort ior the "tpical" utility and the 'typical" city (40"t0 pesn)Pol

be 171,000 man-days; this effort wouild require a Minlimum of 120 days and an average

crew size of 1-80 men (3 shifts/"day).

Interuption of service to gas consumers is unlik~ely to occur at low over-

pressures. The :first major demand for repair services occurs at about 4 psi,

w .aen the failure of structures will break service ccnnections. venting gas tc

the atmosphere; the gas utility then has the choice of either cutting off the

supply at the consumers service connection (a most time-consuming eort)o

cutting off entire service areas at distric~t regulator-s (in extrume cases an

entire citv might h-ave to te cut off from, the gas supply of the citv g~te station).

At 10 to 12 psi serious da-mage to abovegrouiid gas pipe lin-.s (surch as river

crossings) and appurtenanices (such as c-ityv gate stations) 1;otud bV Widespread.

Howe.-ver, with trained crews, equipment.. and rePlacement parts, svstv-.. flaevri lv
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could be rather rapidly recstablished, although ser.'ice to consumers (presumably

in areas experiencing considerably less damage) could not be resumed until the

affected portions of the system could be purged of air and tested. Extensive

damage to the underground pipeline system would be expected to occur only

where air-induced or direct ground shock is an important factor,, Presently

available data are insufficient to allow any reasonable estimate to be madte

concerning the occurrence and degree ol damage resulting from suc> phenomena.

Virtually no repair effort is required in the "typical" gas utility, in the
"typical" city, at the 4 psi overpressure level, (disregarding any attempt to

cap off each individual broken service connection); at 9 psi the estimated

repair effort would be appi-oximately 1050 man-days; repair time could be as

short as 5 days using an average crew size of 75 men (3 shifts/day).

Adequacy of Supplies and Spare Parts

The probable post-attack demand for replacement parts would be high. while

their probable availability would be low. Certain criti2al elements appear

to impose special constraints upon the restoration of the electrical utility

in particular, these being large transformers, porcelain insulators, and small

pole-mounted transformers.

Requirements for Manpower

It is probable that major shortages in some repair skills would occur even

in the absence of personnel casualties. ConsequF:ntly the interchanging of

repair skills would probably be widely practiced. Repair effort is expected

to roughly double where utility-trained crews are replaced with crews composed

of workers having different but related skills. Within limits, skilled labor

can be substituted for damaged components, and conversely, new components can

reduce the requirements for skilled labor.

Requirements for Preattack Planning

Utilities, because of their frequent encounters with natural disaster,

have same basic capability for meeting nuclear disaster. However, additional

planning and training directed primarily at problems associated with nuclear

attack wouild substantially increase the utilities' ability to remain in operation

I
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il; the e,.-ent of light damage and to resume operations more rapidly in the

event of heavier damage. Since control equipment invariably fails prior to

the main components of the system, personnel should maintain their skills in

alternate techniques which permit manual control of operation.
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ABSTRACT

This study for the Office of Civil Defense has been directed toward

identifying the essential subsystems and components of metropolitan gas and

electric utility systems, determining their functional relationships, estimating

the damage to critical elements from various nuclear weapons effects, and

estimating the repair requirements for restoring damaged systems. A mathematical

repair model was developed and applied to a "typical" city, and from the results

of this study, time repair effort, including manpower by skills, was derived.

The major findings of the report are:

o Being located primarily below ground and comprised of elements having
great structural strength, metropolitan gas utility systems tend to

f be much less vulnerable to weapon damage than electric utility systems.
Further, gas system installations are generally less complex in design

and function and, therefore, impose smaller and less stringent repair
requirements in terms of manpower, skills, equipment, spare parts,
and materials.

e The level of damage, expressed as overpress-ire (and related weapon
effects) can be related to repair effort by an experimental function.
This mathematical repair m.odel can be used to predict repair require-
ments (including men and materials under various assumed attack
conditions) for real utilities and real cities.

Other Findings Include:

"* A shortage of skilled utility system workers could impose serious
constraintF on all phases of the postattack repair program, although
some interchanging with related skills and substitution by a larger
work force of semi-skilled workers would generally yield sati.sfactory
repairs.

* Preattack planning directed toward inventorying and stockpiling c:-:tical
repair resources, training utility employees to perform emergency repairs,
and planning special shutdown and emergency nrotective procedures is
recommended.

* Recommendations for future reseaarch include a quantitative determination
of the interchangeability of labor skills, an investigation of the change
in consumer utility demand following a nuclear attack, a study of the
capability of the postattacz economy to furnish the required utility
replacement parts, and an extension of the present study to include nuclear
power plants.
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FOREWORD

In this study of the vulnerability and repair of metropolitan gas and

electric utility systems, URS provided overall direction, prediction of

weapons effects, estimation of damage, and interpretation of results. Sib-

contractors provided data, technical support, and critical review, with major

cantributions in the areas of system definition and repair requirements and

time-phasing. Kennedy Engineers of San Francisco, who specialize in municipal

F iand utilities engineering, setrved as subcontractors on the gas utility phase.

Beamer/Wilkinson and Associates of Oakland, California, electrical engineering

consultants with experience in electrical distribution systems, were sub-

contractors on the electric utility phase and provided informal liaison with

I the utility industry when required. The Defense Electric Power Administration

(D•PA) and the Office of Oil and Gas (OOG), which have been established to

J provide liaison between the electric and gas utilities and government anti

industry, were also contacted to obtain additional information on utility

operations. The repair estimates were reviewed by two consultants having

extensive operating exper~ence. Mr. George A. Peers, former vice-president

in charge of electrical operations for Pacific Gas and Electric, provided the

review of the electric utility and Mr. Thoras P. Jenkins, a former division

manager for the gas System of Pacific Gas and Electric, provided the review of

Sthe gas utility.
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Section 1

INTRODUCTION

The operation of public utilities following a nuclear attack is eisential

for the support of postattack emergency and recovery operations. Many necessary

functions will be impossible to perform until damaged utility systems can be

"repaired and operation restored. Recognizing the importance of the services

provided by public utilities, several organizations have undertaken studies

in the past to determine the vulnerability of various utilities to nuclear

attack. Also many public utilities have, on their own initiative, prepared

_ survival plans applicable to their own systems. However, despite the

availability of these various 3tudies and plans, no general guidelines have

been available for estimating the magnitude of the repair problem which might

be faced by utility systems.

OBJECTIVES

The objectives of this study of the gas and electric utility systems

of metropolitan areas are as follows:

1. Analysis and identification of the vital components and facilities
of utility systems. This includes both the utility system equip-
ment or plant and the key operating and maintenance materials --
lubricating oils, bearings, filters, and the like - required for
continuous cperation of the system.

2. The estimation of the repair times and the required manpower in
terms of the necessary skills and the significant material Iquirements
to repair facilities dsanaged by nuclear weapons.

3. Classification of the required repair materials and parts into
categories, such as the following: a. absolutely necessary for
repair; b. substitute materials or parts can be used; c. modifi-

cation of operating procedures from preattack standards will eliminate
any requirement.

4. Identification of any specialized construction equipment, tools,
instruments, or other devices necessary to carry out the repair
effort.

I
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5. Generalization, on the basis of the cases studied, of the esti- - -

mating methods developed and employed to provide suitable proced-
ures to estimate on a utility-wide basis the effort, materials,
and most suitable approaches for the repair of damaged facilities.

6. Derivation of pertinent conclusions from the analysis of alter-
native sources for material critical to the recovery tasks.

BACKGROUND

A number of studies have been made concerning the impact of nuclear

weapons on electric utility systems and their components. The vulnerability

of large steam electric generating plants has been analyzed by Armour Research

Foundation (now IIT Research Institute- Ref. 1) and by Consoer, White, and

Hersey (Ref. 2). Similar information for plants of the TVA system, including

hydroelectric plants and dams, was investigated by Advanced Research, Inc.

(Ref. 3). Typical components of transmission and distribution systems were

tested in a field exercise at the Nevada Test Site in 1955 and are reported in

Ref. 4. Electric utility systems are often subjected to natural disaster; a

well-documented example is given by U.S. Naval Civil Engineering Laboratory

(Ref. 5), which assessed the effects of the Alaskan earthquake on the utilities A

in the Anchorage area. Also, damage to electric generating plants due to rapid

shutdown was considered in a recent SRI report (kef. 6).

The Defense Electric Power Administration of the Department of Interior

is respoasible for assisting electric utility companies to prepare for national

emergency and has issued a manual (Ref. 7) which discusses in a cursory manner

elements in the protection of electric power systems. In a separate report

(Ref. 8) DEPA assesses the capability of the major electric transmission networks

and interconnections in the United States to supply power requirements after

a moderate nuclear attack; this latter report concludes that because of inter-

connections, no major power shortages would occur. However, problems can arise

from dependency on interconnections, as demonstrated for example, in the

Northeast power failure of November, 1965 and the Missouri Basin power failure

of January, 1965 (Ref. 9).

r
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I
Probable effects oL nuclear attack on a city's electric utility sl.s-em

were recenptl studied (in part by URS Corporation) in the Engineering Phase

of the EOSD Study (Refs. 0, 11 and 12). This study predicted the damage t14

Sthe components of the electric utilities in three cities and the proibable

capability of restoring the utility to . functioning condition. Oter studies

have been conducted (but not. all reported) by the U.S. Naval Radiol-ýgical

Defense Laboratory, Research Triangle Institute, and Stanford Research Institute.

The literature relatcd to the effects of nuclear attack on the gas

utilities is quite limited. An American Gas Association paper (Ref. 13).
although slanted toward conventional %arfare, lists many protective and repair
measures applicable to nuclear warfare situations and provides guidance for

controlling and repairing blast damage to gas works and gas distribution systems.

Two tests have been run at the Nevada Test Site on the v-ulnerability of components

of gas utilities to nuclear blast. in the first test (ref. 14) the damage to

an LP gas installation was assessed, and in the second test (Ref. 15) the

damage sustained by typical natural and manufactured gas underground and above-

ground installations was determined. Although considerable information has

been developed ol- the vulnerability of storage tanks for liquid petroleum

products, no directly applicable vulnErability information is available for the

large gas holders typical of municipal gas utility systems.

tj A study of the overall ulnerability of gas utility systems to nuclear

attack was undertaken as a part of the Emergency Operations System Development

(Refs. 10, 11 and 12). It considered the effects o7 blast on the various

components of the gas utility systems in three cities but did not assess the

probable repair effort that would be required. The Alaska earthquake caused

some damage to the gas utility system in the Anchorage area, but the systems

were back in operation within 48 hours (Ref. 5). SRI. in considering the effects

of nuclear attack on the petroleum industry (Ref. 16), concluded that the gas

transmission network extending from the wellhead to the city gate station nas

"sufficiently isolated and dispersed (and relatively hard) so as to sustain

little damage. A recent publication sponsored by the Department of the

Interior provides guidance to the petroleum and gas industries on managementI! procedures in case of nuclear attack but does not discuss damage or repair

H i(Ref. 17).
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Section 2.

APP% )ACH

"fhe approach used and "h1 sequence are as follows:

Systems Diescription

Detailed functional de.;criptions of typical" gas and electric xttility

svsttems were developed, with primary emphasis placed on the facilities located

within the local or urban area (as contrasted with long-distance electrical

transmision or gas pipeline networks). These functional descriptions included
s.stem components -nd encompassed supplies, repair parts, and maintenance

materials. Personnel, however. "ere not considered to be components of the

svs t ems.

Critical Element Designation

The elements or components that are vital t& the functioning of sub-

stems or systems were identified a.,d rated as tc criticallity, ie., the

element's functional contribution to the system's operation. Key operational

p;rocedures w,-re noted and materials and supplies which were essential to the

,.ont in, -cd op,.ration of the system were indicated.

Damage Estimates

Damage to the various system elements (excluding personnel) was estimated

for a -icie range of weapon effects and intensities. Primary attention was

directed toward overpressure, other weapon effects (heat, fire, ground shock,

et-c.) were considered in less de' ail, and the damage produced was incorporated

into the overpressure damage estimates. All damage estimates are based upo,- a

%eapon in th2 !-10 Mt range. Fallout was not considered since it serves

primarily as a .onstrainT on personnel activity.

W- -onsidered a 5-.-t air burst as the weapon yield used for the analysis;

owe-.-c-, the results -are applicable to the 1- to 10-.Mi, yield range.

"The presence of fa'llut can impair the resioration of the system and can even

-ontri-but _ to he SVy tem'.z damage by nectssitatina rap_,d shutdown. Othersic, .R'.. 6) have considered this aspect briefly.

id l l esl 6)l hatl brief 1
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Repair Estimates

Repair time and effort requirements were estimated for each critical

element of the system individuall" and then summarized to obtain the repair

rec~amation "cost" for the utility. Repair cffort was estimated in terms of

repair time, required manpower (in terms of necessary skills and number), and

the significant materials required. Repair estimates were prepared for all

levels of damage with no regard to the pribability of serving the relatively

immediate needs of the population. Repair estimates were -repared for three

levels of restoration and two clas:-,e,, of rcpair crew capability.

Development of a Repair Miodel

The results of the repair estimates were analyzed. -and a mathematical

model was developed to relate damage (as expressed in psi) to repair effort

(in man-Jays or man.-hours).

Repair of Total Utility Systems

2

"A 'typical" city with typical gas and electric utility systems was used to I

assess the repair requirement- for various levels of damage.

Time-Phased Repair

The time-phasing of the repair effort was determined for each utility

system, including requirements for manpower (by skill), supplies, and alter-

nate operating procedures. Time-phasing, as used herein, refers to the

necessary seque-icing of the repair effort and rot to an optimum scheduling

such as would be attained with a CP., or PERT methodology. (These sophisticated

techniques "'ould certainly be appl--able fo- postattack recovery efforts when

actual values can be ascertained with some degree of confidence.)

REPORT ORGAN IZATION

7he basic analysis, which includes system description, designation of

critical elements, damage assessment, and repair estimates, are described and

briefly discussed in Section 3. The (if led information generated for the

repair of critical elements is tabulated in the Repair Analvss Sheets of
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S-Appendix A. The derivation and use of the mathmatical repair model is described

in Section 4, with Section 5 describing ifs application to a typical city. The

time-phased repair for manpower and equipment is presented in Section 6.

Discussion of the implications of the results of the repair study is made in

Section 7, with conclusions and recommendations presented in Section S.

References constitute Section 9; a selected bibliography of utility operations

is given in Appendix C. Supplementary repair information is listed in Appendix B.
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Section 3

BASIC ANALYSIS OF UTILITY SYSTEMS

I This section ircludes the selection process used in describing typical

gas and electric utility systems, the rationale for rating the criticallit.:

I! of components of the systems, the procedures for evaluating damage to the

components, and the inanner in which the repair estimates were made.

DESCRIPTION OF TYPICAL UTILITY SYSTEMS

As a first step in analyzing metropolitan gas and electric utility

systems, the pertinent literature and statistics were surveyed (Refs. 1 - 19)

to determine the general composition of such systems as they exist in this

country. The spectrum found was broad and included differEnces in the

service area, size, population, degree and type of industrialization,

proximity to fuel sources and cooling water, climate, etc. Two "typical"

utility systems were selected, one for gas, one for electric. These examples

embodied the most common practices of existing systems throughout the country.

j This approach allowed our analytical efforts to be focused on specific itemsI� of equipment and specific d.sign practices. Major subsystems within each

utility system were then delineated and the number of individual elements

comprising each of the subsystems quantified on the basis of the capacity

of the major element of the subsystem (e.g., six feedwater heaters are required

for the one boiler that was chosen for the boiler subsystem). Both current

and out-of-date equipment, materials, and design practices were considered.

Only facilities located in or near metropolitan areas were studied. For this

reason gas wells, processing plants, transmission pipelines and compressor

stations, hydroelectric and nuclear power plants, and long-distance !rans-mission

lines, all of which are normally remote to metropolitan area, were not considered

in this study.

The "typical" systems actually studied are described briefly on the

following pages and shown schematically in Fi s. 1 and 2. The rationale for

selecting these generalized systems is also included.

P!
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Description of a Gas Utility System

The natural -as systems installed in this country can be divided, fori

purpos(, of discussion, into four basic segments:

* sources

* processing facilities -

* long-distance transmisslon

n local distribution

Gas sources ccnsist for the most part of gas wells, although petroleum

refineries contribute to some extent. Processing facilities have the function

ox removing from the gas the various solid, liquid, a;id gaseous impurities

which could interfere with the subsequent handling or use of the gas. Pro-

cessing facilities are generally located relatively close to the source, and long-

distance transmission systems transport the gas by pipeline from the processing

facilitiez to the areas where the gas will be used. Major transmission pipelines

are a foot or more in di-meter and operate at pressures of several hundred

pounds per square inch (psi). Because of the long distances involved (often

many hundreds of miles), it is necessary to locate compressor stations along

the pipelines to maintain high flow rates.

The local distriblition system (the subject of this investigation) is shown

schematically in Fig. 1. The city 'ate station serves as the interlace between

tihe distribution system and the transmission system by providing a means of

drawing off gas from the high-pressure transmission pipeline. Besides reducing

the pressure of the gas, the city gate station performs the important function

of measuring and controlling the ratte of flow into the distribution system.

Additicnal functions often perf:rmed at the city gate station (depending upon

the properties of the gas being handled, the nature of the distribution system,

and the requirements imposed by the consumers) include:

"* Adding special chemicals which impart a distinct odor to the gas,
thereby making any leaks in the system readily dectectable.

"* Filtering and cleaning the gas to remove fine solid or liquid impurities
which could interferve witn the operation of equipment in the distribution
system and at the consumer's point of use.

" Oil fogging or humidification of the gas to protect pipes and pipe joints
from deterioration (not universally practiced).
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From thb city gate stacion, the gas flows through the distribution

system to the consumer. The distribution system itself consists primarily of

gas mains of various sizes and materials. Older distribution systems consist

of relatively large-diameter cast iron pipe operating at very low essures

(less than 1/3 psi). Such pipes are virtually inflexible and are therefore made

up in short lengths connected with many bell-and-spigot type packed joints.

Yewer distribution mains are generally much smaller in diameter, operate at

gbaher pressures, and are made of si-el pipe with welded joints.

Gas pressures are high near the city gate station and lower near the

consumer. Some of this pressure drop is due to frictional effects, but most is

achieved by special installations called district regulators (shown in Fig. 1).

District regulators consist of pressure-regulating valves which step the pressure

down to specific predetermined levels, the degree of reduction depending upon

the size, nature, and requirements of the system downstream. In some distribution

systems, the pressure drop due to friction is excessive and must be compensated

for by distribution compressor stations, which literally pump the gas through

the mains.
"I

Peak-shave facilities are often a part of the system. The term "Peak-

shave" is derived from ard refers to the demand curve (a plot of flow rate
vs. time). During periods of high gqs use, the demand rises to maximums wnich

often exceed the transmission system's capacity te deliver gas. The peak-shave

plant is then employed as an ina-system source of gas to "shave" off these 'peaks"

or maximums. The basic methods used for shaving peaks are: storage (either

j in-system storage achieved by temporarily boosting line pressures or off-system

storage in high- or low-pressure holders) or substituting natural gas with

f manufactured gas (prepared by thermally breaking down coal) or with a blend of

LP-gas and air having properties similar to natural gas. The latter method is

becoming more popular and has been examined in this study.

Service connections form the interface between the distribution system and

the consumer and consist of a reter, a shutoff valve, and a service regulator

(where the distribution pressure is too high for direct use by the consumer).

* LP-gas is an abbreviation for liquefied petroleum gas, a by-product of petroleum

refining.

a. -p • • u m
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InformatioJai sources which may be valuable to the reader ,.ho desires

additional information on operational and technical aspects of the gas utility

industry are listed in Appendix C.

Subsystem Description - Gas Utility

The subsystems on which the damage estimates and repair analyses were

performed are described below. Any assumptions made concerning unit size,

type, or location havc- been indicated where pertinent. Further information

on each subsystem element is given on the Repair Analysis Sheets (Appendix A).

"* City Gate Statior, - Major piping and appurtenances are mounted free-

standing, aboveground, in a valve yard, with instrumentation and control
system components located inside a prefab, steel industrial-type
building. First-stage regulation is by compressed-air-operated

regulator valves, lower pressure regulation and relief by gas-operat-d
valves. Odorization facilities are of the injector type and are
located in a small prefab steel shed separate from the main building.

"* Peak-Shave Plant - Only the LP - air type plant was studied as the
old manufactured-gas type is rapidly being phased-out of existing
systems. All components of the plant (including piping) are located
free-standing, aboveground, in a valve yard. Comvonents are connected
to form individual, independent modules, each module containing one
30,00O-gal LP tank. While low-pressure aboveground gas holders ale

used for peak shaving, they generally store only relatively smril
amounts of gas. Further, they are extremely vulnerable to w'ýapon
effects and would probably lose their stored gas at very low-over-
pressures. Once this occurs, the installations can provide virtually
no postattack service (they cannot serve as a sole source of gas as
can an LP-gas peak-shave plant) and their repair would not be feasible.
Hence, they have been given no further consideration in this report.

"" District Regulator Station - Components (a strainer, regulator valve,
relif valve, and plug valves) are located belowground in a concrete
vault covered by steel doors. Components are mounted directly on the

r gas pipe which passes through the vault.

* Their capacity is small compared with the total amount of gas demanded for

a day's operation. Most cities could not operate under normal conditions
for more than a day or so using only the gas stored in their low-oressure
holders.

r&
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- Compressor Station - The station studied is of the type used for
distribution pumping (i.e., maintaining pressure lost through pipe
friction rather thra the compression required for high- or low-pressure
storage facilities). The system consists of an electrically driven
reciprocating compressor located aboveground in a prefab, steel
industrial-type building. A wood lath forced-draft-type cooling tower
provides cooling for the campressor and the compressed gas.

*Domestic Service Installation - Meter (and regulator where applicable)
is located outdoors just above ground level and directly adjacent to
the building served. The service pipe rises from the ground, supports
the meter, regulator, and shutoff valve, then enters the building.

o) Commercial Service Installation - The meter (and regulator where
applicable) is located outdoors at or just above ground level and
directly adjacent to the building served. The service pipe rises from
the ground, supports the meter, and then enters the building directly.

• Light Industrial Installation - The meter (and regulator where applicable)
is located free-standing, aboveground, in a small, outdoor control
complex.

* Heavy Industrial Installation - The meter and regulator (ard first-
stage regulation components) are located free-standing, abovaground,
in a small outdoor control complex.

* Pressure Levels - The classifications used to identify operating pressures
vary widely from system to system. For simplicity we have adopted the
following:

Low Pressure - 3 to 12 in. W.C.

Intermediate Pressure - 3 to 15 psi

High Pressure - 15 to 60 psi

Transmission Pressure - several hundred psi

Description of an Electric Utility System

The electric utility system of a large metropolitan area, such as shown

schematically in Fig. 2, usuallys consists of three major subsystems: generation,

transmission and distribution.

A coal-fired, steam electric-generating plant, such as the one described

in this study, would operate as follows: A rotary car dumper unloads coal from

°I,
* The abbreviation W.C." refers to the manometric measurement of low gas

pressures in inches of water column. (27 in. W.C. • 1 psi).
I



URS 669-6 3-8

freight trains onto conveyer belts which move tLPe coal to hoppers ana stock-

piles and then, as needed, to coal pulverizers. The pulverized coal is mixed

with heated air, supplied by forced-draft fans, and injected into the combustion

chamber of the boil,.r. The boiler produces steam at very high temperatures and

pressures (typically 10503F and 2-100 psi) which is led to the impeller blades of

the turbine, which, in turn, drives the generator through a direct connection.

The spent steam is drawn by vacuum into the condenser (and condensed) and after

treatment to remove impurities, pumped back to the boiler tubes via several re-

heat stages.

Auxiliary subsystems necessary to the operation of the turbine - generator

set include: lubricating oil, hyarogen cooling, field excitation, and station

bus. The lubricating subsystem circulates oil to the bearings of both the tur-

bine and generator. Hydrogen is used in a closed system to cool the generator.

The excitation subsystem provides DC power for the generator field, and the

ztation bus provides the means of transmitting pawer to the auxiliary subsystems

within the generating plant. M&

A typical transmission system in a metropolitan area usually consists of

step-up transformer stations ,transmission lines, switc0•ing stations, and step-

down transformer stations of various sizes. A tranzmission line is considered

here to inclide the conductor-, insulators, and supporting towers. The basic

elements of a transmission substation are: the transformer, which takes voltage

at one level and either steps it up or down depending on its function; the cir-

cuit breakei., which protects the system by disconnecting it from the line when

faults (i.e., short circuits) cccur in the system; and the bus structure, which

interconnects the circuit breaker, transformer, and transmission line.

A typical distribution system in a metropolitan area usually consists of

primary distribution lines, distribution substations, and secondary distribution

lines. The distribution substations are quite similar to the transmission sub-

stations (the elements are smaller, of course) and perform the function of re-

ducing voltage from tne transmission levels to the lower distribution levels.

The distribution lines usually include wooden poles, conductors, insulators,

and small, pole-mounted transformers, which reduce the voltage from the distribu-

tion level to household or commercial level. Industrial service is usually

delivered at the primary voltage level.

•w ,mmmm~n~ nuummw ~ unmmm mwm mmum ummwmu ~ mm • m| I
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Info-mational sources which may be valuable to the reader who desires addi-

tional information on operational and technical aspects of the electric utility

industry are listed in Appendix C.

Subsystem Description - Electric Utility

The subsystem on which damage estimates and repair analyses were performed

are described below. Any assumptions concerning unit size, type, or location

have been included where pertinent. Further information on each subsystem ele-

ment is given on the Repair Analysis Sheets (Appendix A).

* Coal Handling Subsystem - Consists of a pulverized coal system with a
rotary car dumper and a covered coal conveying system. These are assumed
to be located outside the generating plant building, with the coal pu:-
verizers inside. Capacity is 120 tons/hour.

* Boiler Subsystem - The boiler is of the controlled forced-circulation
type, is rated at 2,400,000 lb of steam at 2,700 psi, and contains an air
heater, economizer, and superheating stages. Both the boiler and its an-
cillary equipment are located inside a large. -.:inforced concrete, steel-
framed building. All ducts, flues, and piping ire located inside the
building, with forced-draft fans located outside next to the stack.

* Cooling Water Subsystem - Cooling is provided by a body of water (lake,
river, ocean) rather than by cooling towers. The water intakes, travel-
ieag trash screens, and pumps are located at the water's edge in a light,
concrete building. The condenser and hot-well pumps are located inside
the generating planZ. building, under the turbine; reheaters are outside.

* Tuarbo-Generator Subsystem - The turbo-generator set is a 330-MIW tandem
compound, four-flow type with exciter, station bus, control cubicles,
anca 350-MVA generator transformer. All units except the transformer are
located inside the generator building. A 30-psi hydrogen system provides
cooling for the generator. Forced-feed lubrication of the turbo-genera-
tor set is provided by an oil pump.

* Transmission System - Free-stancing ll0-kV steel transmission towers are
arranged in a network system. Substations art- also included in this sys-
tem and consist of four single-phase, step-down transformers (three in
use and one standby) with four circuit breakers and appropriate bus struc-
tures (five disconnects per transformer).

* Distribution System - Free-standing wooden utility poles carry 12-kV
lines*, with ten 50-kVA transformers per circuit mile of distribution.

One 12-kY circvit consists of three bare conductors; insulated conductors are
commonly used only in undergrountd service or in low voltage and :.crvice con-
"nections to consumers.

I-@
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CRITICAL ELMENTS

One of the goals of this study was to determine the relative importance

of each utility system component in terms of its contribution to the functioning

of the system. This effort is germane to the realistic evaluation of sub-

scquent repair requ-•rements, both in terms of the amount of repair effort

involved and the scheduling of these repairs. With such information, it is

possible to avoid repairing any components that do not contribute significantly

to the system's prinzipa: nostattack function (i.e., that of providing gas or

electricity). Accordingly, the lunctional contribution of each element was

carefully examined, then its "criticality" was rated in terms of the following

classifications:

CRITICAL Loss of element would result in a loss of more tha', 10-percent
of the design capacity. The cause of this reducticn in capacity

Smight be due to operational limitations or a degradition of
the system's sifety or reliability.

SEMI- Operation without element would result in a loss of less than
CRITICAL 10 percent of design capacity. The safety or reliability of

the system might be degraded somewhat, but nGt seriously.
Conversion of the system to operate without this element would
require a significant expenditure of manpower and/or materials.

NON- Operation without element, would result in a loss of less than
CRITICAL 10 percent of design capacity. The safety or reliability of

the system might be degraded somewhat, but not seriously.
SConversion of the system to operate without this element would

not require any significant expenditure of manpower and/or
materials.

These ratings are used in Figs. 3 and 4. Those elements rated as "non-critical"

are identified as such but receive no further consideration in this report.

DAMAGE ESTIMATES

Critical and semi-critical elements of the utility systemrs were examined

to determine the extent and nature of ciamage they would receive as a result

of nuclear attack. The purpose of these damage estimates was to establish a

quantitative relationship between given levels of damage and the overpressure

at which such damage would occur. This information was subsequently combined
with information relating damage to the repair effort required for restoration,

the result being a relationship between overpressure and repair requirements.
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Electrical control systems O-18c 3
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Domestic Service
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Fig. 3. Typical Gas Utility Systent Elements
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NUMBERRV.F
CRITICAL OUTl- -10 IN

SUBSYSTEM ELEMENT CALITY APPENDIX SUB-
RATING SYSTEM

A (N)

Coal conveyor systems j E-1 1

Coal Handl ing Rotr, c;, car dumps LC E-1 1

Coal pulverizers E ] E-2 8

Air heaters ( E-3a 2

Soot blowers E-3a 50

Dust collectors = E-3b 2

Hot air ducts and flues =C E-3b 1

Boiler Boiler E-.4 I

Forced-draft fans J E-5 2

Feedwater pumps rCj E-7 2

Deaers tor • -97 1

Feedwater heaters E-J E-7 6

Cooling water intake [•J E-6a 1

Cool.ing Water Condenser E-6a 1

Hot-well pumps E-6b 2

Turbogenerator assembly r E-8 1

Lubricating oil system j•J E-8 1

Hydrogen cooling system [-J E-8 I

Turbogenerator Exciter unit = E-9 1

Station auxiliary bus E-9 1

lietering, protection, and E-0 45-
control modules

Bus structure C E-11 1

Circuit breaker E-11 1

Transm.ission Substation Transmission transformer = E-12 I1

Control system \ E-12c 1

Transmission line and towers = E-13

Bus structure E-11 I

Distribution Substation Circuit breaker E-11 1

Distribution substation E-12b I
transformer

Distribution line E-14

Distribution Power poles J E-14

Transformers (pole mounted) [-J E-14 10/mile

Service drops E-!4 200/mile
--=-

SOURCE: Beame r/Wilkinson

Fig. 4. Typical Electr.c Utility System Elements
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Approach

The damage to specific utility elements was estimated using the lo"luwing

approach:

* Delineation of the s;pecific de.sign characteristics and function ef eaci.
element, and establishment of the general installation practices 0or
each element.K __o 6

Relating the failure mode predictionis for each element to severan levels
of damage (i.e., light, medium and heavy),* using past research (Refs.1 - 4, 14 - 16, 38 and 19), calculations, and engineering judgement.

• Relatirng all weapon effects to the corresponding overpressure levels
(i.e., the diffraction phase of the blast wave).

The damage estimates prepar,-d in this study were directed toward specific

pieces of equipment that we considered to be typical of actual installed Fvs-

tems. Similar (and even functionally equivalent) equipment supplied by a differ-

ent manufacturer or Tiade from a different material m.ght re._z in a differen!

manner when subjected to the same weapon effects, but the overall effect on the

repair estimates would not be signfi cank.

Two other factors affect the severity of damage at any given jverpressvre

level: the directional orientation of the element to the blast wave front and

the proximity of the element to other components or structures. Elements of the

electric distribution systems are particularly sensitive to directional orienta-

tion. Lines and poles oriented parallel to the blast wave front are consideiably

more vulnerable than those oriented toward the detonation. Since the actual

direction of installed lines varies widely even within a single system and the

relative direction varies markedly with changes in the location cf ground zero,

this study assumed a random orientation of electric distribution poles.

The proximity of elements to other components or stiuctures affects the

severity of damage resulting from both missiles and reflected overpressure. Fo.

Damage was assumed to be produced by a 5-Mt low air burst with all over-

pressures in Lhe Mach region. Although a rigorous analysis of other "cap,,n
yields was not pursued the results of the damage estimations should be ap-
plicable for weapon yields in the low megaton range (0.5 - 10 Mt).

[_!°



this reasn, each e~ement 's assumed location (with respect to being aboveground

or belowground or indoors or outdoors, but not with respect to oCher items of

equipment) is stated in the Repair Analysis Sheets. The significance of missile

damage is disc'ssed below. Reflected overpressure, on the other hand, was

not exaiuined in detail due to a lack of specific information regarding equip-

ment location relative to possible blast-reflecting surfaces.

Results s

Description of the damage for each critical and semicritical element is

given in the left hand cclumn of the Repair Estimate Sheets (Appendix A). Four

weapon effects, overpressure, dynamic pressure, missiles, and thermal pulse,

were considered as contributing to damage; the findings for these four effects

are, in brief, as ifolows;

Overpressure was found to be a major cause of damage only to buildings;

however, in some instances it was a contributory cause cf damage to above-

ground elements.

Dynamic pressure was found to be a major cause cf damage to exposed above-
ground elements. Since the duration of drag loading from the 1- to 10-Mt
weapon yield range used in this study exceeds the natural vibration period
of any of th. drag-sensitive elements, the elements' failure mode was

analyzed by means of a static loading scheme.

Missiles, caused by the effects of over-pressure and dynamic pressure on
otherwise stationary objects, were found to contribute significantly to

the damage of nearly all aboveground utility system elements. Those ele-
ments located inside buildings or in relatively built-up areas were

damaged primarily by missiles generated by overpressure effects. Elements
located outdoors in less built-up areas received damage from missiles pro-

oelled by the drag effects of the dynamic pressure.

Thermal pulse was found to cause varying but relatively insignificant
damage to the major elements of the gas and electric utility systems.
Aside from possible changes in the dielectric properties of transformer
oil, most thermal effects were limited to ancillary co.aponents (such as
the weakening of copper tubing used for instrumentation and control).

-The most significant effect of the thermal pulse was its initiation of
primary ignitions and its contribution to secondary fires, the effects
of which could not be covered in detail in this study.

Three weapon effects, electromagnetic pulse (EMP), direct-induced ground

shock, and air-induced ground shock, were not considered with respect to their

effects on individual critical elements, but the implicat-in of these effects

fte
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on various utility subsystems was briefly considered. The results of this
S~ cursory examination are listed below':

Electromagnetic pulse is considered to be a possible detrimental factor
and may damage the electric distribution system due to flashover and
short-circuiting which result from the voltages induced in conductors as
the pulse front moves past the conductors. The simultaneous disruption
of power and control circuitry in the electrical generating system might
lead to severe but unpredictable damage to generators, turbines, trans-
formers, circuit-breakers, etc. Although a detailed analysis of these
effects was beyond the scope of this study, we suggest that further re-
search might well be directed toward establishing and evaluating the
physical effects of the electromagnetic pulse on electric utility systems.

Direct-induced ground shock can cause damage to underground lines and com-
ponents of both gas and electric utility systems, the degree of damage fal-
ling off rapidly with distance from ground zero. It is expected that
underground components will receive significant damage onlv within the zone
of plastic soil movement. Since this zone is relatively small and would
simultaneously be subjected to extremely high overpressure and thermal
levels, the direct-induced ground shock is felt to be of minor significance.
However, it is coniceivable that at greater distances ground shock could
trip certain safety devices installed in utility systems for the purpose
of limiting damage from earthquakes. However, additional research is
necessary to establish the extent of the problems likely to be created by
direct-induced ground shock.

Air-induced ground shock is expected to cause virtually no damage to under-
ground gas and electric utility installations at surface overpressuce
levels below 10 or 15 psi. Above this level, damage is expected to occur,
its severity increasing with overpressure. However, after review of the
pertinent literature and consultation with a leading soil dynamicist
(Ref. 20), it has been concluded that the present state of the art is not
sufficiently advanced to allow even approximate quantitative prediction
of what damage would result from given overpressure levcls. Several fac-
tors combine to rende- such predictions impossible at prescnt:

o The structural properties of the pipe itself are unknown and cannot be
predicted on a generalized basis. The fact that pipe which has been
installed for a long period of time is subject to various effects*
which significantly alter its material properties precludes any struc-
tural analyses based upon the bending of a homogeneous, elastic member.

* The manner in which the pipe is supported is unknown and cannot be pre-
dicted. The soil surrounding and underlying the pipe is far from hoino-
geneous, it may contain large inclusions, and its moisture content may
vary widely. The type and number of joints in the pipe affect the p

port pattern, as does the termination of the pipe at a building or man-
hole or buried valve.

Corrosion, erosion, crystalization, carbonization, etc.

Ib
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* The actual loading on the pipe cannot be predicted in a generalized
matnner since it depends heavily upon numerous specialized local con-
siderations (the dynamic response characteristics of the soil, the
depth of burial, the orientation of the pipe relative to t.he direction
of the blast wave front, whether the pipe is located beneath pavement,
etc.).

These and numerous other factors prevent us from predicting in w'hat mode

a given pipe will fail. To predict at what overpressure failure would occur

is even more remote at the present state of tbe art.

RXPAIR ANALYSIS

Approach

The repair effort required to restcre a given compoient of the damaged

system depends heavily upon the qualification of the repair crew and the de-

gree of restoration (expressed in terms of the level of system performance re-

quired after repair).

Recognizing that the postattack supply of skilled manpower may be rather

limited, we have considered two levels of qualification for repair crews:

1. All repairs would be performed by skilled repair personnel using the
equipment, supplied, and faci]i ies normally available under preattack
conditions.

II. Bepairs would be performed by crews made up of semi-skilled person-
nel. Workers skilled in utility repair or similar trades would
serve in a supervisory capacity wherever possible.

Recognizing that different elements in the same system need not necessarily

be repaired to the same level of completeness to perform properly, we have con-

sidered three degrees of restoration for each element:

A. The repaired system would be virtually identical to the original (pre-
attack) system from the standpoints of design, performance capabilities,
operational requirements, reliability, safety, and longevity.

B. The repaired system would provide at least 90 percent of the preattack
design performance, but might not innorporate the same design, require
the same operational inputs (manpower, energy, or materials), or pro-
vide the same longevity.

na
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C. The repaired system wouldc be an expedient, directed toward providing

a maximum level of performarce per unit repair effort expended.
Output would generally be at least 30 percent of design capacity,
System efficiency, ease of maintenance anc operation, reliability,
and safety may be significantly degraded.

Repair estimates for each combination of repair crew qualification (i.e.,

I and II) and each level of repair completeness(i.e., A, B, and C) were

prepared. The following basic assumptions were made (more specific information

appears in the Repair Analysis Sheets in Appendix A):

* No unusual environmental conditions are present to interfere with the
repairs.

* Spare parts, materials, equipment, and special facilities are available
immediately unless noted otherwise.

J Travel times to, from, and between repair sites are not included.

e Time has been allowed for the field testing of each repaired element
but not for testing the entire system following repair.

* The values given for repair effort do not include the time spent by
S* supervisory personnel above the level of "foreman."

The limitations associated with the repair estimates are related to three

factors: specific equipment, equipment location, and manpower. The repair

estimates have been based on specific equipment that was Judged typical;

however, equipment of different size or equipment made by other manufacturers

could require a somewhat different repair effort. The location of specific

utility elements relative to other elements in a system is a factor because

= travel time to and from the job sites (or between elements) to accomplish repair

was not considered ii. the overall repair estimates. This analysis looked at

two levels of labor skills to perform the estimated repair: work performed

completely by skilled labor and work performed mainly by semi-skilled labor

with some skilled supervision. This latter category usually required tuo to

three times the effort to repair an element as did the &killed labor group,

* Inclement weather, frozen soil, flooding, high groundwater table, fallout
radiation, fires, or remote or inaccessible location.

I
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where a low level of repair effort is indicated, this factor would probably

be accurate if not on the conservative side; however, with jobs that might

last upwards of 200 to 300 days, it is realized that the semi-skilied labor

would gradually become skLlled in the particular jobs they were performing

and would thereby increase their repair rate considerably. Because this

learning factor is difficult to estimate, it has been ignored in this analysis.

One final factor affecting the repair estimates, is that re)air effort has

been based on predicted damage to an element; therefore, any factor that would

change the damage estimates would consequently influence a change in the repair

estimates.

Results

The results of the repair analyses appear in tabular form in the Repair

Analysis Sheets in Appendix A. Both damage and repair estimates are keyed

to overpressure, with other weapon effects cited specifically as they apply.

Generally, the repair effort required to restore the system is highest

for the "A" mode and lowest for the "C mode (as would be expected). In

several cases, however, the "B" mode requires more effort than "A." This

occurs where it was assumed for the '"A mode that the damaged element was

replaced by a new, factory-built element, whereas "B" involved repairing the

damaged element or even fabricating a substitute for it.

It should be noted that there is an inverse relationship between the

need for skilled labor and the need for special repair parts. In cases where

common repair parts are unavailable or in short supply, the actual repair

techniques employed might require a higher degree of skill from the workers.

For example, leaking pipes could be repaired by bolting special rubber-lined

flanged clamps over the breaks, a task easily performed by any worker having

only minimal skills. In the absence of such special clamps, only a skilled
.

welder would be able to repair the break. This sort of inverse relationship

applies in varying degree to both the gas and the electric utilities. Aside

from being recognized and cited here, it was given no further consideration in

this report due to its complex nature.

Si.e., a welder familar with both welding techniques and their use in the face
of escaping gas.
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The assumption that spare parts, materials, and equipment be

available as needed in the disrupted postattack perioC raises c~rtain

difficulties. Even under peacetime conditions, many items have procurement

lead times of 6 weeks to 24 months (Ref. 21). The reasons for such delayE

are numerous but are generally related to the fact that the balance between

supply and demand is difficult to achieve. In certain industries, this has

led to a high degree of specialization and dependence upon a few suppliers.

During the postattack period, the demand for many items would be staggering.

The ability to meet the uemand might well be hopelessly hampered by the reduced

availability of raw materials, personnel, power, and the disruption oi both

communications and transportation. Although we have recognized the eifect

this reduced availability of resources has on the validity of this utility

repair study, we are only able to cite it, since its quantification is clearly

beyond the scope of the study. The particular portion of the study most

seriously affected would be the repair schedule (Section 6).

SThe use of communications is extremely important in controlling operations

between various facilities within relatively large, metropolitan gas or electric

utility systems. The loss of an effective communications system would impose

a severr, constraint on a utility's ability to restore operations. Although it

was beyond the scope of this study to quantitatively define the extent of a

communications constraint (an SRI report - Ref. 23, discusses the role of

communications in civil defense), some general effects can be qualitatively

delineated for each utility.

* Gas utility - If gas storage and peak-shave facilities are lost,

zommunications are vital in dispatching gas. Without communications
to regulate transmission gas flow, it would be extremely difficult to
provide steady pressures and flow rates throughout a relatively large
system. In a small system, communicatiins are not generally as

important.

• Demand does tend to regulate the supply, but a long lead time is required for
large items because they are normally not designed, much less manufac-ured,
until ordered. Following nuclear attack, when massive repair efforts would

be required, it is probable that available manufacturing capacity (even by
preattack standards) could provide only a small fraction of the required
long-lead-time supplies.

SDistribution and dispatching centers maybe tied together b, any combination of

the following utility owned independent communications systems: leased
telephone wire, utility-owned telephone, microwave transmitters, and utility-
owned two-way radios (many of which are limited to units in mobile repair
vehicles). in addition, many electric utilities can transmit voice messages
over power lines.
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* Electric utilities - Communications are used in the electrical system

to regulate variable load conditions. Without communications,
dispatching centers would be hard pressed to shift the load where
required. Also, re-establishing interties would be extremely difficult.

I
S
I
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Section 4

DEVELOPMENT OF A REPAIR MODEL

The output of the basic utility analysis produced nany data relating

damage to repair effort required. These data (presented in Appendix A),

although useful for specific components, are in a somewhat awkward form for

use for analyzing systems or subsystems. Therefore, a meauis of expressing

these data in a form more convenient and easier to handle was sought and led

to the development of a mathematical model which relates weapon effects

(expressed in terms of overpressure level) to the subsequent repair effort.

The mathematical model also serves another purpose, viz., the smoothing out

of irregularities in the data, thereby providing more consistent repair

estimates.

A preliminary analysis of the repair estimates indicated that the

relationship between repair effort and overpressure could best be expressed

as an expone-itial function. After consultation with Dr. Alin McMasters

(Ref. 22) an expression for repair effort as a function of overpressure level

was derived:

R L L -

where:

R = repair effort (man-days)

"L = maximum repair effort (man-days)

p = overpi-essure (psi)

X = lowest overpressure at which damage occurs (psi)

K = empirical constant for a given subsystem

* As mentioned in Section 3, all weapon effects considered (overpressure,
dynamic pressure, missiles and thermal pulse) have been related to one
effect: overpressure. Hence, even though overpressure is the index
used, all effects which contribute to damage to a given ýomponent are
implicit in this index.
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he equation is applicable to individual components, but since tne

goal of the model was to reduce the number and complexity of the repair

analysis, attention was directed to subsystems. Accordingly, repair estimates

were prepared for each subsystem, as defined in Figs. 3 and 4, u-ing the

number of components (N) listed. Result: for the gas utility's city-gate

station (from data in Tables G-la through G-8, in Appendix A) are shown in

Fig. 5. The repair curves (prepared by drawing straight lines between each

data point) are shown as fine lines, and the composite curve, i.e., the gas

compressor subsystem, resulting from the addition of the repair effort for

the components comprising the subsystem, is shown as the heavy line. The

manner in which the equation "fits" the composite curve is shown in Fig. 6.

This fit, which is typical of most cases, is remarkably good. Deviations

of the model from the data da occur, particularly at the ]ower end of the

curve, but considering the overall reliability of the data themselves, the

model is considered to be a generally acceptable expression for repair effort.

A similar procedure was used to develop curves for each of the subsystems

in the gas and electric utilities. Rather than reproducing a number of such

curves, we have listed the controlling parameters, L, K, and X, in Tables

1 and 2 for three repair modes and two types of labor force (as discussed in

Section 3). It was found that only L varied for each individual case 1
considered, with K and X remaining constant for a given subsystem.

VT
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Table 1

MATHEMATICAL MODEL: GAS UTILITY SYSTEM

R = L - -K(' - Xe]

R = Repair effort (man-hr)

p = Overpressure (psi)

S" SUBSYSTEM IAL (man-hr)

IA IB IC IIB IIC

Sii ICITY 0680 680 500 1200 950 J K .55
GATE I X= 1

DISTRICT K= .90
-t REGULATOR 31 32 33 62 5 X = 2.75

PEAK K = .50
PE sAK 180 220 140 310 340 - K = 0

SRiAVE xI = 1
(drops to
R= 0 at

P =5)

"DISTRIBUTION COMPRLSSOR 50 K = .11
STATION 5000 4600 3900 7400 6600 X= 1

DOMESTIC •-nVICE K 2
(w/ reg) 2.0 2.0 2.0 3.5 3.75 ) X = 4

-DOMESTIC SERVICE K =2
1.0 1.0 1.0 1.75 2.0 -

(w/o reg) I X= 4

COMMERCIAL SERVICE ( K= 2
(w/ reg) 13 13 5.0 22 8.0 X 4

COMMERCIAL SERVICE 12 12 4.0 20 6.0 K 2
(w/o reg) 1 X = 4

LIGiNT IND SERVICE 28 28 24 52 48.70
(w/ reg) X = 6

LIGHT IND SERVICE 12 12 8.0 22 16 K = 2

(w/o reg) 12 12 8.72 1

HEAVY IND SERVICE 32 32 23 62 44 K = .50
(single-stage reg) I X = 3

HEAVY IND SERVICE 64 64 58 12A 108 R 2..50
(two-stage reg) X = 2.5

SOURCE: URS Corporation

}4
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Table 2

INATHE.XATICAL MODEL: ELECTRIC SYSTEM

R L 1 - eK(P - X)]

R = Repair effort (man-days)

p Overpressure (psi)

SUBSYSTEM L (man-days)

COAL K=.
_____ IA 11B IC 111B IiC "

HADLNG 2600 1500 1200 3400 2500 l K 5 .2HANDLING =•x- 4

BOILER 59000 55300 47000 140,000 110,000 K = .12
IX=4.5

COOLING K .4ATEOIN 2300 iq00 1400 4150 3400 { g 3.4SWATER -X = 3.5

TURBO- K = .3-4100 2600 1660 6600 3750-J K = .5GENERATOR X = 2.5 "

TRANSMISSION* 920 43) 142 1120 415 f K = .50
SUBSTATION 91 YX = 5

DISTRIBUTION* 200 1-0 180 220 220 5 K = 1.0
200 

X= 2.3

* In man-days/mile

SOURCE: UP.S corporation

*A
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Section 5

REPAIR EFFORT FOR A TYPICAL CITY

The repair model described in Section 4 provides a means of predicting

repair requirements on a subsystem-by-subsystem basis. However, to ascertain

:1 the true impact of a nuclear attack on a utility, it would be necessary to

analyze .n entire utility system. This approach would reveal the interdependency

of the various Fabsystems and their relative importance. A real utility system

in a real city would have been used for this analysis had sufficient data been

available. However, since this was not the case, a hypothetical or "typical"

city with "typical" utility systems was synthesized. This approach bas the

additional advantage o. avoiding many of the atypical characteristics found

in any real city. Using available information on municipalities and "rules

of thumb," typical utility systems were constructed (in terms of how many of

each type of subsystem is present) for the typical city. The model was then

used to determine what repair effort would be required to restore service.

The typical city used for analysis is assumed to have a population of

400,000 and cover an area of 100 square miles. Characteristics of the gas and

electric utility systems serving th-. typical city are described in Tables 3 and 4

respectively.

APPROACH

The repair analysis of the typical city's gas and electric utilities

drew upon the mathematical model prepared earlier for the various subsystems

"(Tables I and 2). Repair effort values correspondiid to various overpres;sure

levels were calculated, multiplied by the appropriate number of subsystems

involved, and summed to give the total repair effort required at that over-

pressure. The '-B repair mode, i.e., skilled workers restore the damaged system

to just short of its initial capacity, was selected for this analysis, even though

it was recognized that the choice was optimistic. That is, in many cases skilled

manpower would be in short supply and in other cases restoration to only an

expedient level would suffice. The skilled labor category (mode I) was chosen

A
II

I4

ia



URS 669-6 5-2

Table 3

TYPICAL CITY GAS UTILITY

10-city gate stations (or equivalent)

150-district regulator stations

6-peak shave plants (LP-air; 50,000 cfh capacity

each)

1600-circuit miles of distribution and service mains:

Distribution mains: 2"4 to 8" for 60 to 150 psig

Service mains: 2" to 8" for 5 to 60 psig

and

8" to 24' for 8 in. w.c. -

140,000-domestic services (98,000 w/o regulation) ..

= : 10,200-co,.mmercial services (7,000 w/o regulation) j I
650-light industrial services (340 w/o regulation) I

115-heavv industrial services (100 single-stage
"regulation only)j

Average Demand:

5 million cfh (summer)

10 million cfh (winter)

SOURCE: Kennedy Engineers

A
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Table 4

TYPICAL CITY ELECTRICAL UTILITY

1-steam generating station (two 300 MW turbo-generators
and appropriately sized
ancillary equipment)

1-switchyard substation (located adjacent to generating
station)

980-circuit miles of 12 kV distribution svstem

160,000 residential services

13,000 commercial services

1,000 light industrial services

120 heavy industrial services

80-circuit iles of transmi:zsion line (ring plus partial
network)

40 miles - 110 kV

20 miles - 69 kV

20 miles - 34 kV

28-substations (with 4 single-phase transformers each)

8 - 110 kV to 12 kV

10 - 69 kV to 12 kV

10 - 34 kV to 12 kV

SOURCE: Beamer/Wilkinson

Ae
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in preference to alternate labor category (mode II) because 4,0 tin•t.es are

more predictable when using known skills. .vepairing a ut.1"t 1 :i ,e 1-o the

"A" level (preattack design and capacity) was regarded an bei-,g a ac±ademic

due to probable resource shortages and time constrai.nts, wh•'e -- the

system to the "C" level was rejected because it causes rmjof" 1 eric:ataor. t

system operations and would probably only be used on some eentents on a
,

temporary basis.

A parametric approach was used to test; the effects of various damage

levels on the typical city. In this parametric s~udy it was assumed that all

subsystems comprising the utility system within the typical city were' subjected

to the same overpressure, e.g., the generating, transmission and distribution I
subs•ystems would all experience a simultaneous overpressure of 4 p! A number

of overpressure levels encompassing the range from I tc 25 psi were examined in

this fashion. The parametric approach (rather than an approach using' a sl.ecific

weapon at a specific location) permits easier comparison of the relative

hardness" of each subsystem and clarifies the interrelationship bet'meen

subsystems. The results could, with some additional manipulation, be used

to prepare repair estimates for other situations, either real or simulated.

RESULTS

The results of the typical city repair analyses for gas ano electric

utilities appear in Figs. 7 and 8 respectively. Frcm these plots, it is apparent

that the major repair requirements are generated by residential distribution

for both the gas and electric utilities. This would be expected, considering 3
the predominance of individual dwelling units in any community. The commercial

aa! industrial distribution subsystems, primarily because they srve 'ewer

= consumers, do not present aE large a repair problem as does residential

distribution. Some caution should be exercised in interpreting these results, I
since all repair estimates were prepared on the assumption that the city's

postattack demand for gas and electric power mould be essentiailv equal to its

. The repair effort for any mode could, of course, be calculated using the
appropriate inputs for the mathematical model. A

Z5
a!
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preattack demands. Although the scope of this study precluded consideration

of how demand might change with the attack, we believe that postattack repair

requirements would generally be significantly smaller than those predicted in

terms of preattack demand figures. Because of the several unknown factors

involved, we strongly recommend that further research be directed toward

evaluating the effe.t that variations in demand would have on the repair

requirements.

As can be seen by comparing Figs. 7 and 8, the electric utility presents

a much greater repair problem than does the gas utility; for example, at 6

psi (an overpressure at which reconstruction, rather than abandonment, of an

area is feasible) the total repair effort for the gas utility is 3,690 man-days

and for the electric utility 254,000 man-days. Thc repair effort for the

electric utility (again at 6 psi) could be decreased drastically (some 55

percent) if no at'empt were wade to serve residential consumers. Repair of

the generating system, which represen-s less thzn 11 percent of the total

repair effort at 6 psi, could probably be deferred or averted by using power

"imported from other locations. However, repair of the transmission system

j Iand a portion of the distribution system (approximately 20 percent of the

Lotal repair at 6 psi) would be unavoidable if any degree of system

restoration were attempted.

• F
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Section 6

TIME-PHASED REPAIR ANALYSIS

The time-phased repair analysis, described in this section, was performed

to determine repair requirements in terms of both man-hours and manpower skill

classification. It also provided information on the number of workers which

would be required during any given work period (work periods are defined here

as being 8-hour shifts) and how these skills would be scheduled tiroughout

the course of the repair program.

For simplicity, the time-phased repair analyses considered only two over-

pressure levels (4 and 9 psi) and only the I-B repair mode (i.e., skilled

workers would restore the damaged systems to just short of their original

APPROACH

The Repair Analysis Sbeets (Appendix A) and the mathematical model for

"the typical city, together with the experienced judgement of our consultants,

-- provided the basis for scheduling repairs with respect to time and manpower

skill. It was necessary to balance such factors as crew size, working space,

type of repair, equipment requirements, and job completion time to arrive at

realistic schedules for performing utility system repairs. For the electric
utility system, all major subsystems (i.e., generation, transmission, and

distribution) were considered in the tlme-phased repair analysis. However,

for the gas utility system only centralized subsystems (i.e., city gate stations,

district regulator stations, peak shave plant, and compressor stations) were

considered; distribution subsystems (i.e., underground pipes and service

installations) were not included. The gas distribution subsystem was not

considered (although presenting a major repair requirement at higher overpressures -Ii see Fig. 7) because such repair as would be req'iired--priaarily repair of broken

- service connections -- is most appropriately considered as a part of building repair

cr reconstiuction.

Ii

IR



URS 669-6 6-2

Again a condition of uniform overpressures throughout the utility system

was assumed. For comparative purposes two overpressure levels, 4 psi and 9 psi,

which represent the range of damage levels for the subsystems involved, were

considered.

RESULTS

Figures 9 through 12 present the work schedules on a major-subsystem basis

for the gas and electric utilities at 4 and 9 psi overpressure. Note that the

figures making up the body of the table represent the number of men (of each

manpower skill classification) required during any given work period. Presenting

the scheduling on a major-subsystem basis provides a basis for determining

whether a given subsystem warrants repair or should be bypassed.

To impart a greater degree of flexibility to the time-phased repair scheme,

Zhe results have been presented as the total number of 8-hour work shifts required

for each labor skill; thus, the total eiapsed time required to repair a subsystem

could be determined by deciding how many work shifts per day could be worked.

However, using more than one shift a day for any length of time would necessitate

a corresponding increase in the total number of skilled laborers required. The

major labor constraints associated with the tire-phased repair sequences for the

various utility subsystems are as follows:

"* Generating plant: (4 psi) boiler makers; (9 psi) boiler makers and

steam fitters.

"* Transmission system: (4 psi) linemen; (9 psi) linemen and electricians.

* Distribution system: (4 psi and 9 psi) linemen.

"* City gate station: (4 psi and 9 psi) steelworkers

"* District regulator stations: (4 psi) pipefitters and instrument
repairmen, (9 psi) pipefittars.

"* Peak-stave plant: (4 psi) plumbers

"* Compressor stations: (4 psi) pipefitters and steelworkers; (9 psi)
pipefitters.

* For example, the schedule might indicate at what point it would be advantageous
to abandon a damaged power plant and utilize or repair an intertie wi: -n
external system, rather than repair the damaged plant.

-- -- --- -
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At lower overvessure leveL,- (4 psi in this example) for the electric

utility system, the distribution system requires the greatest pe, iod of time to

repair, while the transmission system and generating plant can be rfaaired in

S1 aprroximately the same length of time. However, at higher overnressure levels

:9 psi in this case), the time required to repair the generating plant increases

consideratlv and equals that of the distribution systtm, with the transmiss:on

"";ystem requiring the least repair time. The three major subsystema (city gate

stations, district regulators and compressor station) of the gas utility system

3t 4 psi overpressure require approximately the same lengtý of time to repair,

r:hile at the 9-psi level the compressor station takes the longest time to repair,

with the city gate station and district regulator station, requiring slightly

less time.

Figures 13 through 16 are schedule summaries prepared by totaling the

information given earlier on a subsystem-by-subsystem basis. At the far end of

each summarv sheet, two columns (mean number and maximum number of men required

by skill, have been added to aid the reader in evaluating the overall and relativ-e

magn•,,.Pe of the skilled labor necessary for the utility repair requirements.

The number of different skills required for repair varies for each utility

and overpressure level. The electric utility system used 11 different labor

skills at the 4-psi level and 13 skills at the 9-psi level. The gas utility

requires 12 separate skills at 4 psi and only 9 skills at 9 psi (the reduction

in number of skills is due to rhe change in criticality rating of the peak-snave

plant, as discussed in Section 3). Approximately 50 percent of the necessary skills

(i.e., carpenters, pipefitters, etc.) are co-aon to both utilities. Two of the
skills (i.e., linemen and instrument repair men) are unique to their respective

utilities while the remaining required skills are common to the construction

industry but related specifically to cnly one util.ty system repair (e.g.,

ioilermakers, :;nd steamfitters, for bailer repair). The time-phased r.-pair

sequences and summarics are based on having the required skills av~a,,Wle; ifA

alternate skills have to be used, the time periods given to repair (Jafwgeo zti litv

subsystems -4)uld probably double. A more realistic schedule could be pr1-,:uI-. ated

-i by" - utility f,-llo~winzz a nuclear attack using F:gs 9 through 16 as agnk.

y .
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A controlin1 ic-fctor in the schedul]tng r-. any task is the a 'ai lvbilitv

of the resources rnquired to perform thnt task. As mentioned in Section 3,

it has been necz-ssarv to assume th.t all' m:,npower, equipment, materials,

supplies, spare pa.rts, special eaz.tities, etc. would be immediately available

as required. Therefore the timae---p-sc-d rep..ir analyses and repair schedules

presentea in this section :re in error to the entent that this simplifying

assumption is in errr.

Because of the dispers:-d nature of the elements in the electric utilities

transmission anti distribution systems, there is virtually no constraint on

how many workmen could be scheduled simultaneously. For this reason, we we

presented the schedli:uling parametrically rather than in terms of some arcitrarily -

stared workforce size. Figujre 17 'iepicrs ;he length of time (in days) that

would be required for crews of various size ti repair distrihut.non systems of j
various size at the -p-lsi damage level. In most cases both the number of avail-

able repair c-re-s and the crcuit miles of a distribution system woulo be directly

related to the size and population of a metropolitan area. Hence the repair

time for the distribution system is found to be fairly tcnstant for a comimanitv

of any sire. The rane in the repair time w'hich would be applicable to most

coro unities is between 204' and 250 -days. indicated in Fig. 17 by the shaded ,ard.

The U'-se of Alternate Skl.l1s

The repair schedule -ssumed the availability of all the necessary labor

skills that would be rec,'ixred. However, in some cases, requirements for a

specific labor skill are so high that the probability of filling these

requirements in any specific metropolitan area would be slight. Therefore, a3

qualitative analvsis has been made of gossibie alternate labor skitls that could

be used to meet lh. sk i led iab•,r reqt, emernts.

The atlure 0,i our -,in etx is such that many individuais hax'e the capability

of perfr.rming tasks nwt ¶ ltosel. r-. ated with their occupation. This is due in

part to the- !-t rhat "•eri; ;Orce requiremeuts (and hence the opportuunitv forx

employmcnx) in specifat areaiu nas C-haned u"ih time. cauing pcopte to adapt by

acquit ing nHC OR furtr -- ski lis. The skills the le-ave beb 2nd bec:-one, for the

most pi-? taten? : Rhat ilhex c, antot be inferred mere*_% from a c.ns iderationn f1

tile persln', -it1rrf-lit It '_ '.:ai . tit-he- sources '-4 latentll :•rl s r' include:

t 4

-I.. . . . . . . . .... . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . .
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Fig. 17. Change in Repair Time with Varying Crew Size: Electric Distribu-
A tion System and 4 psi Overpressure
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jobs held in youth, part-time jobs, military training, hobbies, or even jobs -

held by family members.

Nordlie and Vestermark (Ref. 24) discuss this property of pluralistic,

industrial forms or society (such as is represented by the contemporary United

States) and relate it to our potential for recovery following a nuclear attack.

In their words, "American society appears to have important redundant capacities

fc'r meeting massive upheaval and degradation of pre-existing standards, and for

redirecting individual behaviors and social processes toward long-term recuvery.

This redundancy of capacity means that much can be subtracted from American physical

and -,cial resources, while still leaving a minimum base for recovery."t

To apply this philosophy to the postattack restoration of gas and electric

:,utility service, we can consider the availability, in the populace, of those -

persons capable of making significant contributions to the restoration task. To

be sdre, the great majority of these persons would not be able to function in all

capacities as well as a skilled utility worker, nor would they require as little

supervision. However, in many instances their contribution might •ell make the

diffe.-ence between having service restored at a reasonablE date rather than having

to wait a prohibitive time for the utility comp~any's enm.loyees to complete the

restorati.on.

In view of the fact that the "latent" capabilities of individuals are not

reflected in avaijable in'dustrial manpower statistics, it is recommended that

studies be performed to determin~e the type and extent of these latent talents.

One possible research approach would be a survey of randomly selected individuals

in an industrial community to ascertain primary and secondary skills. The findings

of such a study would provide dats on the extent to which in~.erchangeability of

labor is p)ossible. A. second approach would be for industry (hopefully with the

cooperation of labor unions) to develop files on worker capabilities for all

S~ employees.

* Sucks a survey could be similar, but on a much smaller scale, to that conducted
periodically by %•A• National Science ?ouxtdatio~ of professional and technical
persornnel.
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I In the absence of such specific information on latent skills and skill

1 .a overlap between various job classifications, we are limited to a qualitative

discussion of manpower interchangeabil~ty and substitution. Thble 5 was prepared

by using the occupational title information and numerical indexing system given

by Ref. 25 and has been included to suggest several general areas wherein an

-I appreciable degree of job interchangeability appears feasible.

Special Equipment

Many of the repairs that would be performed in the utility systems require

the use of special heavy equipment, such as cranes, hoi-ts, trenching machines,

compressors, and welding machines. Although this equipment has been delineated

on the Repair Analysis Sheets in Appendix A, its availability was not taken

into account for the time-phased repair analysis. In actuality, the avail-

| •ability of such heavy equipment would greatly affect the speed at which a

utility system could be repaired and, in the case of the electrical and gas

I| distribution systems, could well be the major constraint as to the total time

required to repair these systems. %hile it is realized that utility companies

-. themselves own and operate many pieces of special equipment, for (conomical

reasons they rarely have more than is necessary for the day-to-day maintenance

I and repair of their total systems. With the massive repair efforts that would

be required at moderate or higher overpressures, the resources of both major

and minor private contractors would have to be sought if the repair effort is

not to extend over an inordinate length of time.

]1
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Tabl: 5

I TERCHANGEABILITY OF LABOR SKILLS FOR VARIOUS TASKS

Repair, installation, and operation of machinery

Auto mechanic

Industrial Liechanic

Operating engineer

Machinist

Millwrihbt

Repair, installation, and Dperation of piping system

Pipefitter

Plumber

Steamfitter

Boiler maker

Welder (specialize,")

Repair, installation, and operation of electrical zystems

Electrician

Lineman

Electronic technician

Instrument technician

Repair and construction of miscellaneous structures

Structural iron worker

Rigger

Carpenter

Welder (general)

Mason

Sheetmetal worker

SOURCE: URS Corporation and U.S. Depart;i.nt ot Labor
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Section 7

PREATTACK PLANNING AND ALTE1VATE PROCEDUJRES

PREATTACK PLANNING

The results of this study, particularly the mathematical model,

can be used by utilities in preattack planning and attack-implemented

r emergency operations. Careful preattack planning using realistic damage

estimates could significantly improve the utilities' capability to pro-

vide electric power or gas following a nuclear attack. One approach to

preattack planning could be as follows:

* Utilize the mathematical model to predict the postattack
damage situation and repair requirements. (If a range of
effects is desired, several different weapon sizes and
weapon locations could be used to approximate light,
medium, or heavy attacks on the utility system.)

* Integrate results of the model with general area damage
estimates prepared by OCD.

I Identify the relative magnitude of demand sources (consumers)
and rAn i these on a priority basis.

Identify and rate the predicted postattack capability of
imported gas or electric power sources (other transmission

systems, electric generating plants, etc.).

4 Determine which parts of the system shoul be hardened,

attention to improve their probability of performing
-, repaired immediately postattack, or given ciher special

postattack.

* Elements can be hardened permanently or only temporarily. Perm.•aeni

hardening should be considered for very critical elements, without
which the system could not function at all. Examples of such hardening
might include the burying of electric transmission lines or housing
city gate stations or key substations in heavily reinforced concrete
buildings or vaults. Temporary hardening could be applied during
periods of increased readiness .:.nd might be more applicable to elements
of moderate criticality or even semi-critical elements. Examples of
temporary hardening might include sandbagging instruments and measures
to shield them from missile aamage or tying down transformers to
prevent overturning.

[|
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* Plans for postattack operations should consider the pre-
positioning of men and equipment so as to increase their
survivability following a nuclear attack. One possible
method is the concept described in Ref. 12, which employs
engineering yards located around the perimeter of a city
as staging areas wherein men and equipment would be
stationed prior to a nuclear attack. The stockpiling of
vital supplies and their possible distribution to points
outside the city sh',ald also be included in emergency
plans. Postattack procedure should also be delineated for
the cannibalization of damaged utility elements in low-
priority areas to speed the repair of similar damaged

utility elements in high-priority areas.

* Duplicate utility system maps should be prepared and
disseminated to the vsrious locations where repair parts

would be based. This would enable repair personnel to
quickly locate critical areas in the utility system for
repair or isolation.*

ALTERNATE OPERATING AND REPAIR PROCLDURES

kai The I-B repair mode, toward which the preceding sections have been

directed, implies the use of certain operating and repair procedures which

differ from normal practice. The use of sach alternate procedures is

especially applicable to the restored electric utility system. The gas

utility system, being inherently less flexible in nature, cannot take

advantage of alternate operating procedures without losing so much capacity
as to be classified as Mode "'." However, alternate repair procedures can

be employed. These alternate repair procedure involve the substitution of

normal gas utility components by similar components intended for use in

water, petrcleum, or chemical piping installations. Simple valves, piping,

and some pressure instruments could be used with virtually no modifications

and no degradation of system operability. Such substitutions are possible

partly because the gas system is basically very simple and partly because

* It should be noted that a primary constrairt to shutting off all or any
portion of a system is knowledge of how to do so, i.e., where control
points are located and how they are actuated.

Io

I a



SJ

$p°
L•S 669.-6 7-3

gas •ystem components are generally stressed to c, nlv a fraction of their

S• capacity (with respect t6 operating pressures, at least) . It should beg
U noted that the gas and electric utility systems are basically different

Sin this respect. Electrical components are designed and rated for a specific
E use and cannot be interchanged freely (e.g., one cannot replace

Sgenerally 
very

the elements of a 34-kV system with those of a 12-kY system). •ile it is
S• possible to substitute some elements with similar units of a higher
Srated

• • capacity, this practice has its limits also

i -• The more important deviations from the normal, operation and repair
Sof the electric utility are discussed below (detailed descriptions are given

: in the Repair "Analysis Sheets, Appendix A)-

SAutomatic Controls. When automatic controls have been damaged,

the simplest alternate operating procedure is to resort to manual
; -• operation. This would, however, increase the required size of

operating crews by three or four times. Manual controls would

.• °• allow partial or full operation while an expedient contro! system

S•= was being rigged.

i • Transformers. Large distribution of transmission transformers,
• when overturned, can suffer coil damage w.hich is virtually impossible

i -÷ to repair in the field. Under [•acetime conditions, transformers

:i~" suffering coil damage are normally shipped to the manufa, furor for
• repair; however, there are only four large manufacturers of trans-

• .& formers in the United State.•, and they are located east of the

SMississippi River. Consideration then would have to be given to
converting large manufacturing or repair facilitie.• € uch as ship-

yards•, to repai• l•rge transformers. A possible aite•-nate operating

pr•< edu;e in t•,e case of loss of large <tep-down zransformers •-ou!d
be to operate the transmission or distribu•:ion lines at a re:h|ced

voltage use a transformers; although this
Sand number of smaller

procedure would be severely inefficient due to large line losses,
it would provide electricity, where needed, in an emergency.

I
• Small Pole-mounted Distribution Transformers (25 to 50 kVA).

These represent an easier repair problem than the large transformers
I because of their smaller size. Under normal peacetime conditions,

most utility companies do not repair this size transformer, but
simply repiaue it .•,ith a new one. However, due to a shortage of
supp".i•J iollowing u nuclear attack, this app'.-oach would be unfeasible,

and s•'aali repair facilities or machine shops would have to be converted

Sto repair the damaged transformers.

!
i
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Blus Structures. When a bus structure h~s collapsed or becomte so
severely deformed that electrical clearance is not maintained be-
t1ween 13us bars, rebuildiing of the bus structure is necessary. An
expedient method to speed repair would utilize w~ooC ised of
steel in the bus structure. Operation of the bus and transformers
at reduced voltages may also be feasible.

0 Distribution System. The major damage to a distributi-on rystem
occurs when power poles ar-a snapped off, usually several feet
aboveground. Not only are the poles and electricaxl conductors
bruken, but the porcelain insulators mounted on the crossarras mna-VF be cracked or broken (as ment-ioned above, distribution transformaer5
will also be damaged). The normal procedure when a distribution pvcie
is broken is to replace it with a new pole. However, with the scarcity
of supplies that could be expected following a nuclear attack, a dif-

ferent procedure would probably have to be adopted to make the neces-

sary repairs. One alternate repair mrethod would be toD strap the bro-
ken poles to the stubs remaining in the grounca. Broken insulator-s
could not be reivaired by cementing but might be repla3ced with resin-
f'ipregniated wodI 'to anchor the conductors to thle cr'jssarms.

* Start-Up Power. Whffen an electric generating plant, is subjected to
a sudden variation in load* the plant's safety devices automatically
disconnect the plant from the system and shut it down. To restore
a generating plant to service requires electricity to power the plant

= auxilaries (e.g., automatic controls, pumps, fan motors, etc.). This
power requirement is appr-iximately 10 percent of the plant's generating
Capacity (i.e., a 600~-OW plant would require 60-IMW start-up p.ower).
Typically, in this counitr-:, generating plant-s rely on system interties
to provide start-up power and infrequc:,tly httve emergency generators
(capable of independent operation) to suppl.y the required power.
Theirefrre, alternate procedures for suoplyin Xtr-.ppoe ol
have tu rue used where system interties have been destroyed.** One
such method would be to employ a diesel-electric-locomotive as an
independent source of power.

*A recent multistate blackout wan callsed when a 230-k.' transmissi.,n line
short circuited; a single nuclear weapon could cause several such failures
in one metropolitan area.

I *This would be P.-_rt1icularly important where a plant s-iffers onIT- minor (iamage
and the major obstacle in restoring it to service i'. lack of start-up power.
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cC(MICAMIONS ANDIRECOMMENDAT IONS

CONCLUSIONS

A number of conclusion~s based on the results ar~i data presented herein

are reported below.

Comparison oýf Gas and Electric Utilities

Although gas and electric utilities sezve many of the samne consumers, they

are dissimilar with respect to both vulnerability to nuclear attack and the

subsequent repair requirement. Gas utilities within metropolitan areas are

relatively simple in design and operation; most critical eler-ents are located

Upipelines) occurs only at very high overpressures. The repair effort for above-
groud eemetswhich are damaged at overpressure levels of less than. 12 p-si

(where. coincideptally, the survival of at least some personnel -ind facilities
m.A is Probable) is relatively small (predictions for the typical city are 40,000

man-days at the 9-psi level). Electric utilities, on the other hard, are comn-
plox in desilgn and operat ion, most critical elements are aboveground, major

10o, the typical city are 284,000 man-days at 9 psi).

Damage to~ Components and Continuity of Service

Tle ;Jraxage sustained by the various coraponents of the Utilities and the
subsequent re-air required determine the overall response anti probable~ availabil-
ity of utility service. At very low overzrsue ieIt s)eeti

uatility servi-ce would be temporarily disrupted -i~ediatelv following the attack

until such time es repair crews could make minor repairs, re-set protective devices,

and possibly revert to manual contrcl of operations, a matter of some h-ours

if personnel are available. Hlowever I this restoration time would be drnstically
increased if start-up power for the ge:_,,Lq plhnt were unavailable -a not

I ~~unlixely entat-.At th-Is overpressure 'Level, critical eleiments within gas
ju-tililies woulý' nolezzally Ise unafferc-ed except in rare cases where co:itrols at

city gate stations or cross-country terminals incur reamage: if operso-nnel Were
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available, repairs could be completed before service to the consumer was

interrupted.

At overpressure of 3 to 4 psi, electric utilities would sustain moderate

to serious damage to distribution systems (primarily from broken poles and trees

falling across lines), and large sections of the city would be without power

for a matter of days or weeks even if repair crews were available. However, those

sections of the city served by underground di3tribution systems (primarily the

central business district), would suffer shorter outages only if aboveground

transmission lines feeding the underground system remained undamaged. Some

failures might occur in a steam electric generating facility at this overpressure

level primarily due to damaged control systems, but such failures would be of

relatively short duration if repair crews were on hand and manual operation

could be instituted. Further, interties with unaffected areas might be used j
for providing power to damaged areas (assuming other heavy-load areas were not

affected). The gas utility would be expected to sustain no additional damage

in this rcnge.

At a somewhat higher overpressure level (i.e., 4 to 6 psi), all aboveground

distribution systems and most of the transmission system of the electric utility

wiuld be severely damaged anra inoperable. Even if r~e,.ar crews and replacement

parts were available, service over the entire city we. O .isr'pted and could a

not be resumed (even with a massive repaii effort) for i matter of weeks or

months. Even portions of the city served with underground iines would be

affected since the transmission system, most of whici- is at-oreground, would have

been severely damaged. The elec.ric generating plant would vustain considereble

damage, which would require, at a minimum, a repair effort of mary months.

Substations would also be damaged to a considerable extent. Imported power from

interties would not be usable until such tie as transmission and distribution

system-c and substations within the city were repa.reci or rebuilt; however,

some isolated areas might be served eRrlier by building special lines from

interties to serve them. At this overpressure level, the gas utility's system

itself would receive little additional damage. Although many service connections

would be sheared off with building collapse. Since numerous leaks would result,

much of the distribution system would have to be shut off for both conservation

and safety reasons. It would be preferable to shut off only affected portions

of the system at district regulators. However, in some systems, such an

0" 4
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arrangement mzny not be porSiLle (ci.e either to lack of knowledgeable personnel

or inaccessability of the area) and the entire city might have to be shut off

at city gate station.

jI At higher overpressure levels (6 to 8 psi) the distribution and transmission

systems of the electric utility would he so severely damaged that r.'Iuilding

would be undertaken only in the most unusual circumstances; even the reuse

or salvage of purts would be unlikely. Above 8 psi, no possibility of repairing

the distribution and transmission systems is forecast, If it were decided to

restore service following such heavy damage, new construction employing new or

cannibalized materials would be required. Damage sustained by generating

A •[facilities would rise sharply at about 10 psi but repair .-ould 3till be within
-I

the realm of feasibility if replacement parts were available. Above 12 nsi,

I the boilers would be totally destroyed and the frame of the building excessively

distorted; restoration would not be feasible. At 10 to 12 psi serious damage

I to aboveground gas pipelines (such as river crossings) and appurtenalnces would

UM b• wideaspread. However, with trained crews, equipment, and replacement parts,i system integrity could be rather rapidly reestablished, although service toi Lconsumers (presumably in areas experiencing considerably less damage) could

not be resumed until the affected portions of the system could be purged and

A tested. Where air-induced or direct ground shock is an important f.actor,

extensive damage to the underground pipe-line system would occur. Presently
- ti available data are insufficient to allow any reasonable estimates to be made

concerning the occurrence or degree of damage resulting from ground shock.

Adequacy of Supplies and Spare Parts

The postattack demand for replacement parts would be high; while their

probable availability would be low. One possible solution to this dilemna

- •is cannibalizing o- salvaging needed parts from portions of the bystem not

in use. Another potential solution is to employ alternative operating procedures

although these inevitably degrade the system's reliability a,,d safety and
usually it's output as well (however, the effects of the attack would prob-

ably reduce demand more significantly than it would system outpu-. capacIty).

Certain critical elements appear to impose special constraints upon zhe

} restoration of the utility system as a whole. The constraints c %m- to such

-] • elements are: (1) the item is irreparable, at least by ordinarv standards;

I
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(2) spare parts are not available in adequate quantity; (3) alternate operating

procedures which can bypass the damaged element are not feasible. Those

critical elements believed to present such constraints are all found within

the electric utility and are described below.

* Large Transformers•. These units are essential in stepping up and
stepping down voltages between the generator, the transmission system,
and the distribution system. Although they are relatively 'hard,"

coil damage is probable if overturning occurs. For repair they must
be returned to the manufacturer's plant (there are only four major
manufacturers in the nation, all east of the Mississippi niver) for
complete rebuilding. Because of the high cost of such transformers
and because most are custom-made, standby ind spare units a-e kept
to a minimum. Alternate operation to bypass such large transformers
are possible but only at the sacrifice of most of the operating capacity
of the system.

* Porcelain Insulators. These essential components of all transmission
and distribution lines are easily broken and, being a vitreous material,
are irreparable. No feasible alternate procedures are apparent (the
use of insulated conductors is of very limited applicability because
of the very small stockpiles of such cable). Replacement stocks of
insulators are relatively small since the normal breakage rate is low.
These stocks would be completely inadequate in the face of a major
catastrophy,

o Small Pole-mounted Transformers. Distribution transformers present v
severe constraint in that they are widely used and are usually
damaged when poles break. They c';uld probably be rebuilt locally
(although normally utilities prefer to scrap them and buy replacements)
by converting available manufacturing capacity within the community
to this purpose.

Mathematical Repair Model

The repair effort required for damaged gas and electric utilities can

be related to overpressure by an exponential relationship which consiee-.s

overpressure (and related weapon effects), degree of restoration, and

qualification of repair crews. The repair model can be used by real utilities

and real cities for predicting repair requirements under various assumed attack

conditions, thereby providing a better basis for plannIng and training.

* The components af the gas system show a high degree ol interchangvabilitv

(e.g., a water valve can be used to cortrol gas flow) as well as a large
safety factor (e.g., a pipe may be rated for 25 psi but may well be usable
at 50C psi), so that the potential source of replacement parts and supplies
is very broad. This flexibility is not true of the electrical system, in
which components must be accurately rated and precisely matched.

!
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Requirements for Manpower

The work fcrce required for repairing gas and electric utilities would

include most of the major construction skills. It is probable that major

shortages in some skills would occur even in the absence of personnel

casualties and would certainly be accentuated if casualties occurred. The

interchanging of skills would probably be practiced widely to reduce the

problems of manpower shortage; _;uch interchanging has definite limitations,

_ however, and is never a completely satisfactory soluLion. Repair effort is

expected to roughly double where utility trained crews are replaced with

crews composed of workers having different but related skills. When using

alternate skills, some system degradation would be likely to cccur, i.e.,

system reliability and safety might saffer and outages might be more frequent

-Iand severe.

Within limits, skilled labor can be substituted for damaged components,

and conversely, new components can reduce the requirements for skilled labor.

In time of disaster, the payoff between these two resources would have to

be adjusted to meet the immediate situation.

Time-Phased Repair

The study of time-phasing of repair effort provided data on the size of

the work force required, the total time required for restoration, and the

specific skills, and alternate skills required. 7hese data can provide

guidance to real utilities as to the potential magnitude of the repair problem

they themselves might face and can allow them to assess their own capabilities

to meet such an exigency.

Requirements f.r Preattack Planning

Utilities, because of their frequent encounters with natural disaster,

have some basic capability for meeting nuclear disaster. However, additional

planning and training directed primarily at problems as5ociated with nucle-

attack would substantially increase the utilityts ability to remain in operation

in the event of light daage and to resume operations more rapidly ii. the

event of heavier damage. P'resent plannln% should be changed to recognize that,
I
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in the event of a nuclear attack, 1-walities would be isolated and lependent

upon their own resources. This si*t.Lat4-on is unlike peacretime disasters, in

which repair crews and Zuppliet- can be flown in from adjacent, unaffected areas.

Since, control equipment iniva'-iab)y fails prior to the main com~ponents

of the system, personnel should maintain ttheir skills in alternate techniques

which permit manual control of operations. AduLt~ional consideration sho'kld

also be given to protect-ing w.>rkar., per3:onnel to waaintain the con~tinuity of

service during attZack.

Ot'her Potential Problem Arz-as

Insufficient data are available an the response of certain elements (such

as large virbo-generators and gas regulators to blast and underground pipell-nes

to ground shock), and j need for fud'theA- aralynes and testing is indicated. A

possible source of major damage, noted but not exploredi in this stuc~y, is the

.)ossibility of system self-destruction, which might occur if the system's

protective devices (i.e., circuit breakr-rs in- the t.-ansmission distribution

system and speed control devices in the turbo-genesrators) were simultaneously

or sequentially disrupted by the advancing blast wave. Possible damage could -

range from scored berrings and thrown turbine blades to propelling the rotor

throug-h the rcof (either from weapon effects proper or from a sx.-dden drop in

the electrical load). Until such time as definitiv6 answers can be provided to

th-is possible dinger, it may b-- wise for the electric utility industry to plan

for an ordered cutback of service as the threit of noci_-ar attack increases.

The,- could either shut down and secure a por-tion of the generating capatcity or,

allernztivelv, place it on spinning reserve (i.e., the boiler producing steam

and the generator turning but under no load).

In only a few instances would hardening -Df critical elements materially

invrease the probability of restoring a damaged utility as a whole. On.-.

notable exception is the large transformz'ý-s, which are essenti-ally irreplaceable

once damaged bly overturning. Additional !týracing to reduce the likelihood of

overturning mig-,ht be a very worthwhile an-d reasonably low-cost investment.
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II RECOMThtLiDAT I ONS

Based upon the results of this study (including problem areas which

werc inly briefly considered) the following are suggested for future research:

1. Apply the mathematical repair model (Section 4) to the real
utility sYstems being sur-veyed as a part of the Five-City Study.
Such a study would (1) provide ba~-i(v inp.. -s for the postattack
recovery portion of the Five-City Stu!~ ;nd (2) provide planners -

both governmental and industrial - with a better understanding of
the problems facing the utility industry in the postattack recovery
peri3d.

2. Determine if interchangeability of labor skills is sufficiently
flexible to provide the skilled manpower necessary to meet post-
attack recovei'v and restoratien demands. _nterchangeabf-lit-Y of
skills has been discussed (Section 6) as being contingent upon
both designated nb ;-kill and previous training, but the relation-
ships between these factors has not been established.

3. Investigate the c~hanges in demand for ut4.ility services during and
fol-lowing nuclear attzck. in the postattack- period, a decrease in
the number of consumers and changes in commusnity consumption patterns
coul'd both act to alter repair requirements, probably decreasing
then, appreciably.

4. Determine the physical resources needed, on a nationwide basis,
to restore, to "the degree required, damagred utility systems and
estimate the postattack economics capability to provide such
resources. U~ severe shortages and constraints are found probable,
preattack stockpiling of such resources may be advocated.

Ex tend the findings of th-e present study to in~clude nuclf'ar electric
ge~icratAr~g plaintz which, wi~thin 15 years, are expectled .o rival
conventional tbertal plants as sources of electrical power.
Although both types of generating plants have many elements incommion,
the effects of nuclear attack on a nuclear reactor and its sophis-
tycated control syr-tel-s are poorly uznderstv5od.

6. Investigate possible major dam~age to electr-icz'l utility systems
resulting from simultaneotis loss of crontrols and safety devices in
both gelnerating and distribution systemns duiý tn blast effects,
electromagnetic pulse, or other weapon phcnrc!5ena not -Investigated
iir this Stulv'.

7.Develop throug-h analysis and/or tests additional. data ons the resvŽonse
of critical elements, !iac!,.;ding large trar~sformers, circult breaktrs,
control panels, t~ransmission towers, gas reg'al-tors and relief v-alv-s,
for xhich existing data are inadequate.
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REPAIR ANALYSIS OF GAS UTILITY SYSTEMS

Natural gas systems are generally considered to conss-st of sources (gas
wellsl, processing facilities, transmission pipelines and appurtenances, and
distribution systems. Since the majority of gas wells and processing facil-
ities are in remote locaLions, far from metropolitan areas, they have not been
included in this study. Similarly, transmission mains were examined only

superficial] y.

The system studied in depth is shown in Fig. I as a block diagram and
in Fig. 3 as a list of elements, each of which is keyed by number (e.g., G-13a)

to the following Repair Analysis Sheets.

The following qualifying and explanatory remarks apply:

* The time required to purge (displace air from) gas distribution linesI 7has not been included in the sheets, since it depends heavily upon
the size of the damaged system and cannot be expressed on a general,
element-by-element basis.

SI0 The time required to remove water from flooded gas lines has not been
included, since this depends primarily upon the individual system'sF •vulnerability to flooding* and the size of the system.

I * Those items assumed to be generally furnished as the complement of a
S.typical utility repair truck or readily available from local sourceshave not been included in the Repair Analysis Sheets as require,

equipment or oupplies.

The following abbreviations have been used on the Repair Analysis Sheets:

*It should be noted that many newer distribution lines are not graded and would
require considerable effort to drain.
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wquirpptenat

PF Pipe fitter's or ordinary plumber's tools: vise, pipe
wrenches, cutter, pipe taps and dies, reamer, joint

compound, etc. t

PFI Industrial pipe fitter's tools: hex wrenches, drills, taps
and dies, tubing tools, screwdrivers, gasket cutters, plus
all PF tools

IR Instrument repair tools and shop facilities

SM Sheet metal working tools and equipment: snips, shears,
drill, break, etc.

MAC Machine shop

W Welding equipment (portable electric arc type)

AS General auto shop tools and equipment

E Electrician's tools (industrial type): tools for thinwall
and rigid conduit, pulling tape, small hand tools, etc.

EX Heavy-duty electrician's tools: tools for high-voltage
ca!ble and large conduit

C Carpe.,ter's tools -

H Hoisting ecnipment - light (up to 2000 lb)

HX Hoisting equipment - heavy (up to 50 tons)

Supplies
SP Small pipe and fittings (2 in. and smaller)

LP Large pipe and fittings (4 in. and large,.), grade A-53 and
welding fittings

G Gasket sets, gasket material, seals, packing, etc.

E 60(i-volt wire in various sizes plus conduit to 2 in. with fittings

EX High-voltage wire plus conduit over 2 in. with fittings

IM Lumber

Labor Skills
P Plumber -- able to measure, cut, thread, and assemble pipe with

usual fitti-gs and values

PFW Pipe fitting welder - same skills as P with added skill of

pipe welling, either electric or gas

PF Pipe fitter - same skills as P but with additional experiz.,_
in working with large pipe, flanged joints, connecting instruments -

IR Instrument repairman - experier: le in shop repair, overhaul, and
maintenance of controls, regulaiors, power-operated valves, etc.

L Laborer or unskilled helper

E Journeyman electrician

I 1I
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)I --- L-abor Skills, Cont.F1 a C Journeyman carpenter

1IM Millw.ight or mechanic

4MAC Machinist

OP Operating engineer

SM Sheet metal worker

H Handyman - general tool use capability but not journeyman[. quality in any one trade

AM Auto mechanic

L

Ei

'II _

ii

[iF7

=•_
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THE REPAIR ANALYSIS OF ELECTRIC UTILITY SYSTEMS

For convenience, the electric utility system was divided into three

major systems: generation, transmission, and distribution. Tne elements

comprisii:g these systems are shown on the overview diagram (Fig. 2) and are

keyed by number on Fig. 4 to the repair analysis summary sheets (Tables E-1

through E-14).

The following comments describe the criteria and limitations that were

used in deriving the repair analysis charts:

* Essentially, where complete destruction is indicated, the man-hours
required for a new facility have been used, and a 10-percent factor
added for demolition and removal of debris.

* All man-day figures are based on an 8-hour day.

"I Cannibalization is not indicated in the table but is possible. It
may well be the best interim solution, since many manufacturing
plants will be out of commission for an indefinite period. The
man-hour figures for dismantling equipment and transportation are
not represented in the table, but will be close to the installation
"cost if foundations and housings are excluded.

* Operating and maintenance staff have not been considered in this
study, but typically requirements are 0.175 employees per MW for
the 330-MW units under consideration.

* Those items assumed to be generally furnished as the complement of a
typical utility repair truck or readily available from local sources
have not been included in the Repair Analysis Sheets as required
equipment or supplies.
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SURS 669-6 B-1
TABLE B-i

Repair Estimate -Underground gas pipe leak (assumes that valves are
' A present to shutoff pi ,ssure during repair)

SKILL REPAIR EFFORT TOTAL TIME REQUIRED
S= _ _CLASSIFICATION (man-hours/break) (hours/break)

Foreman 5.1
6-in. Steel Laborer 14.1i a 6.4

(50-psi) P.F. Welder 2.6

Equip. Operator 1.0

Foreman 3.8

2-in. Steel Laborer 10.3
(5 psi) Plumber 1.3

Equip. Operator 1.0

! Foreman 3.5
4-in. Cast Laborer 10.0

I Iron Plumber 1.0

%(5 psi) Equip. Operator 1.0

8-in. Cast Foreman 3.5

Iron Laborer 10.0
(7-in. W.C.) Plumber 1.0[ Equip. Operator 1.0

- Repair Estimate - Installation of gas line shutoff plugs (for use where
valves are not present to shutoff pressure during repair)

SKILL REPAIR EFFORT TOTAL TIME REQUIRED
__________CLASSIFICATION (man-hours/break) (hours/break)

Foreman 6.9

6-in. Steel Laborer 28.6
P.F. Welder 7.6 6.4

(OpiPlumber 5.0
Equip. Operator 2.0

Foreman 5.6
Laborer 19.8

2-in. Steel P.F. Welder 3.0 5.2
Si • (5 ps i)(5pi) Plumber 1.3

I Equip. Operator 2.0

I Foreman 5.3
.- in. Cast Laborer 18.5

I ron Plumb,r 7.0 1.8
(5 psi) Equip. Operator 2.0

8-in. Cast Special shutoff procedures are not necessary at this

Iron .Clow pressure.
S~(7-in. W.C.)

I; II _________________________________________________
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iiA

TABLE B-2

Repair Estimate- Underground distribution system (12 kV) I
Skill Repair Total Time

Classification Effort Required
(mand,-ys) (8 hr. shifts)

jA
Transformer Electricians (2) 10 5 M
Bushings

Broken - fan -
Deformation

A
Transformer Cement Worker (2) 10

Vault
Damaged Electrician (4) 20 15

Equipment Operator (1) 10

Distribution Cement Worker (2) 42

Ducts and Electrician (1) 32
Cables 2ml

Destroyed Lineman (7) 224

(per mile) Equipment Operator (1) 32

(prmie
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Appendix C

SELECTED BIBLIOGRAPHY FOR LTILITY OPERATIONS

ELECTRIC

The Babcock and Wilcox Company. Steam, 37th ed., The Babcock & Wilcox

Co., New York, 1963.

Knowland, A. E. (ed), Standard Handbook for Electrical Engineers, 9th ed.,

D. Van Nostrand, Inc., New York, 1953.

Morse, Frederick T., Power Plant Engineering, 3rd ed., D. Van Nostrand,

Inc., New York, 1953.

Salisbury, J. K. (ed), Kent's Mechanical Engineers Handbook Vol. II,

12th ed., John Wiley & Sons, Inc., New York 1965.

L. Skrotzki, G. A. B. and Vopat, W. A., Power Station Engineering and Econony,

2nd ed., McGraw-Hill Book Co., Inc., New York, 1960.

Westinghouse Electric Corp., Electrical Transmission and Distribution

Reference Book, 4th ed., Westinghouse Electric Lorp., Pittsburg, 1950.
{

Brookhaven National Laboratories, A Comparison of The Nuclear Defense

Capabilities of Nuclear and Coal-Fired Plants, E'L-6080, May 1962.

Electric Light and Power, Cahners Publications Co., Englewood, Colorado.(monthly)

Electrical World, McGraw-Hill Inc., New York, N.Y. (weekly)

Power, McGraw-Hill Inc., New York, N.Y. (monthly)

GAS

Gas Engineer's Handbook - Fuel Gas Engineering Practices, American Gas

Association, The Industrial Press, New York.

(

I
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Katz, Donald C.~, etal., Handboook of Natural Gts Engineering., McGraw-

Hill Book Co., 1959.

Gas Age, Moore Publishing Co., Duluth,, Minnesota. (monthly)

Gas Magazine, Chilton Publishing Co., Philadelphia, Pennsylvania. (monthly)

Oil and Gas Journal, The Petroleum Publishing Co., Tulsa, Oklahoma.(weekly)
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